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0 A low loss, tunable optical filter (20) comprises 
two ferrules (24-24) which are aligned axially with 
each of two adjacent end laces being provided with 
a wafer (30). A mirror (40) is embedded between 
each end face and its associated wafer, the wafer 
being bonded to the end face of its associated 
wafer. Optical fiber is disposed in a passageway 
which extends through each ferrule and through the 
associated wafer. The ferrules and associated wafers 
are supported to cause adjacent exposed faces of 
the wafers to be in predetermined spatial relation to 
each other. Any gap therebetween may be fixed or 
may be adjusted by a" piezoelectric transducer sys- 
tem (44). The disclosed filter provides rejection ra- 
tios which are sufficiently high for frequency dis- 
crimination in frequency shift keying systems and for 
channel selection or switching in wave division mul- 
tiplexer applications. 
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AN OPTICAL FIBER FILTER 



Technical Field 
f 

This invention relates to an optical fiber filter. 
Background of the Invention 

An easily manufacturable optical filter having a 
bandwidth between about 100 MHz and a few tens 
of gigahertz with low insertion loss would be an 
important component in wavelength multiplexing as 
well as in many other applications. It appears that 
the most promising approach to such a device is a 
fiber Fabry-Perot interferometer which may be re- 
ferred to as an FFP. » 

A Fabry-Perot interferometer is an optical de- 
vice which can be used to process optical signals 
and includes two mirrors with a cavity there- 
between. The Fabry-Perot interferometer is dis- 
cussed in most of the classic texts and its opera- 
tion is well understood. See, for example, Born & 
Wolf, Principles of Optics, MacMillan, 1959, pages 
322-332. An exemplary Fabry-Perot structure com- 
prises a region bounded by two plane, parallel 
mirrors. The structure exhibits low loss, that is. it 
passes only particular wavelengths, for which the 
cavity is said to be in resonance - a condition 
obtained by adjusting appropriately the cavity pa- 
rameters. At resonance, the cavity passes a series 
of approximately equally spaced wavelengths. The 
spacing between these wavelengths, called the free 
spectral range (FSR) or tuning range of the cavity, 
is a function of the spacing between the mirrors 
and the index of refraction of the medium between 
the mirrors. The tuning range of a Fabry-Perot 
interferometer is equal to c/2nl c where l c is used to 
designate the length of the cavity. Accordingly, the 
shorter the cavity, the larger the tuning range. The 
bandwidth is largely determined by the reflectivity 
of the mirrors; however, other sources of loss and 
reflections can affect bandwidth. Another parameter 
which is designated finesse (F) is equal to the 
quotient of the tuning range divided by the band- 
width. 

The use of Fabry-Perot cavities as filters, for 
example, to process optical signals is well known. 
However, the -application of such devices to the 
processing of optical signals in commercial optical 
fiber communication systems has been hampered 
by, among other constraints, the lack of practical 
designs which have suitable characteristics, such 
as low loss when used with optical fibers and 
appropriate values of free spectral range. Neverthe- 
less designs that more closely meet the needs of a 
commercial fiber system have been suggested. For 
example, in Electronics Letters. Vol.2 1, No.n. pp. 



504-505 (May 23,1985). J. Stone discussed a I x \)& % * 
Fabry-Perot interferometer design in which the^4V» 
ity was an optical fiber waveguide with mirrC . 
ends. The free spectral range of the resulting t>uM 

5 ity is determined by the length of the fiber ' 
ment. Accordingly different free spectral ran^*' 
can be obtained by using fiber segments of k*X( 
lerent lengths. The cavity can be tuned over (u' 
free spectral range by changing the cavity opti 

w length by one-half the wavelength value of the l» 
entering the cavity. In this way, the cavity can 
tuned to resonate at, and therefore transmit light <±i 
different wavelength values. To obtain such tunii 1 
the cavity length can be changed, for example, i 

;5 means of a piezoelectric element attached to fi 
fiber, which, when activated, will stretch the fib 
and increase the associated cavity optical leng 
accordingly. Fiber Fabry-Perot interferometers a 
be made with a finesse up to a value of 500 wi 

20 relatively low insertion loss, using separately £}-f 
tached mirrors. 

In an article entitled "Pigtailed High-Finess. 
Tunable Fiber Fabry-Perot Interferometers Wil 
Large, Medium and Small Free Spectral Ranges' 

25 authored by J. Slone and L. W. Stulz. appearing i. 
the July 16. 1987 issue of Electronics Letters be 
ginning at page 781, the authors demonstrated tha 
fiber Fabry-Perot interferometer devices with an) 
required bandwidths can be fabricated from one o 

3p three types of structures reported in that article 
Tuning is accomplished by stretching the fiber. 

A so-called Type 1 structure reported in the 
above-identified article by Stone and Stulz is a 
fiber resonator. Mirrors are deposited on both ends 

35 of a continuous fiber and tuning is achieved by 
changing the optical length of the fiber. This type 
of fiber Fabry-Perot interferometer generally is 
limited to a length greater than 1 to 2 cm which 
equates to a free spectral range on the order of 10 

40 to 5 GH Z . Although no alignment is required inside 
% the cavity, the bandwidth range is limited to less 
than 100 MHz for a finesse of 100 and an l c of 
1cm. 

Among the advantages of the Type 1 Fabry- 
45 Perot interferometer is the fact that the cavity com- 
prises an optical fiber which is a waveguide. This 
eliminates deleterious diffraction effects present in 
-long Fabry-Perot cavities which are not 
waveguides. The elimination of the deleterious dif- 
50 fraction effects is associated with the guiding char- 
acteristics of the fiber. However, the difficulty of 
wqrking with and stretching small lengths of optical 
fiber precludes large values of free spectral range 
when using a Type 1 Fabry-Perot. As a result, the 
usefulness of the Type 1 Fabry-Perot design is 
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somewhat limited. 

A Type 2 fiber Fabry-Perot interferometer is a 
gap resonator with mirrors deposited on adjacent 
end faces of two optical fibers. In this type of filter, 
the defraction loss between the fibers limits the 
resonatof' gap to less than 10 which corre- 
sponds to a free spectral range greater than 10.000 
GH 2 . 

Large free spectral ranges can be obtained by 
using a Type 2 Fabry-Perot interferometer in which 
the cavity comprises a small gap. However, be- 
cause of diffraction losses, wider gap cavities are 
less practical, and therefore the Type 2 Fabry- 
Perot interferometer is not adequate for applica- 
tions which require the smaller free spectral ranges 
otherwise associated with larger gaps. Unaccep- 
table losses result from gaps in excess of 10 pm. 

A Type 3 structure reported on by Stone and 
Stulz is an internal waveguide resonator. A mirror 
film is applied to an end of one external fiber 
disposed in the passageway of a glass or ceramic 
ferrule and another to one end of an internal 
waveguide. The ferrule which supports the external 
fiber is movably mounted in a sleeve in which also 
is disposed the internal waveguide and another 
ferrule in which an optical fiber is disposed. A 
relatively small gap separates the mirrored end of 
the external waveguide and an unmirrored end of 
the internal waveguide. Scanning is accomplished 
by changing the spacing of the small gap between 
the mirror film at the end of the external fiber and 
the internal waveguide. The free spectral range is 
determined by the length of the internal waveguide 
which can be as short as 1 mm or less. An anti- 
reflection coating may be applied to the non-mir- 
rored end of the internal waveguide. Although the 
Type 3 fiber Fabry-Perot interferometer covers the 
most practical range of frequencies, it may be 
somewhat difficult to manufacture because of the 
lengths of the internal waveguide. 

In each of the above-described three types of 
Fabry-Perot interferometers, the fiber ends are dis- 
posed in glass or ceramic ST® connector ferrules. 
Afterwards, the ends are polished and coated with 
multi-layer dielectric mirrors. The ferrules are held 
in alignment with either a split zirconia sleeve or a 
solid zirconia sleeve and the assembly is mounted 
in a piezoelectric shell which is attached such as, 
for example, with an epoxy material to the ferrules. 
Should a fiber connection be needed, it may be 
carried out by connecting ST or rotary splice con- 
nectors to the outer ferrule ends for the Type 1 or 
to fiber pigtails for Types 2 or 3. 

Other techniques are known to minimize dif- 
fraction losses in large gap cavities, such as the 
use of expanded beams or concave mirrors which 
keep the beam confined by refocusing. However, 
those techniques involve arrangements which are 



difficult to implement with optical fibers. 

The problem is to obtain a very sharp narrow 
band optical filter with cavity lengths that span from 
a few microns to several millimeters which cor- 

5 respond to bandwidths between a few tens of 
gigahertz and approximately 100 MH 2 with a stable 
repeatable design that is relatively easy to manu- 
facture with high yield. Also the sought after device 
is an optical filter which is tunable and has low 

w loss. Still further, the sought after optical filter has a 
relatively high extinction or contrast ratio, that is. 
one which has a large difference between the pass- 
band and the stopband insertion loss. 

/5 Summary of the Invention 

The foregoing problems of the prior art have 
been overcome by the optical filter of this inven- 
tion. In this invention, the sought after optical filter 

20 has been achieved by a resonant cavity approach 
to obtain the sharp filtering desired. In order to 
obtain a desired tuning range and bandwidth, the 
cavity length may range between a few microns 
and several millimeters. 

25 An optical filter which is capable of having a 

desired bandwidth comprises a first ferrule assem- 
bly having aligned passageway portions for receiv- 
ing optical fiber. The passageway portions are 
spaced apart by a mirror which is normal to a 

30 longitudinal axis of the passageway portions, and 
which is substantially closer to one end of the first 
ferrule assembly than to an opposite end thereof. A 
second ferrule assembly has aligned passageway 
portions for receiving optical fiber. The passageway 

35 portions in the second ferrule assembly are spaced 
apart by a mirror which is normal to a longitudinal 
axis of the passageway portions in the second 
ferrule assembly and which is substantially closer 
to one end of the second ferrule assembly than to 

40 an opposite end thereof. Optical fiber is positioned 
in each passageway portion of each ferrule assem- 
bly. Also included is means for holding the first and 
second ferrule assemblies with the axes of the 
passageways aligned and with the one end of said 

45 first ferrule assembly being adjacent to the one end 
of said second ferrule assembly and for causing 
the adjacent one ends of the ferrule assemblies to 
have a predetermined axial spacing. The mirrors of 
the ferrule assemblies extend over only a portion of 

so the transverse cross-sectional area of the asso- 
ciated ferrule. 

Each ferrule assembly of the filter includes a 
multi-layer mirror coating being disposed on an 
end of a wafer and having a reflectivity of about 95- 

55 99%. The wafer is bonded to an end surface of a 
first ferrulfe to provide a first ferrule assembly with 
the mirror abutting the end surface of the first 
ferrule. Each ferrule and each wafer has a passage- 
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way extending therethrough with optical fiber being 
received in each passageway. The wafer and fer- 
rule are bonded together to cause the passage- 
ways to be aligned. Then a second ferrule assem- 
bly is positioned to cause the passageways of the 5 
two fecrule assemblies to be aligned longitudinally 
and to cause exposed end surfaces of the wafers 
to be adjacent to each other. A mirror coating is 
not applied over the entire surface of each wafer 
end because mirror surfaces are not conducive to ;o 
bonding. 

In the preparation of the filter in the preferred 
embodiment, two ferrules each having a passage- 
way therethrough with optical fiber disposed therein 
and one of which has a mirror formed on one of 75 
the end faces thereof are aligned using an active 
alignment process by measuring power and then 
are bonded together with the mirror therebetween. * 
Then one of the ferrules is severed to provide a 
wafer having a newly formed end surface which is 20 
polished. Two such wafered ferrules are positioned 
with the passageways aligned and with the mirrors 
being adjacent to each other. With such a con- 
struction, only a few percent of the light at a non- 
resonant wavelength is passed through each mir- 25 
ror. At a particular wavelength, when the cavity 
length is a multiple, m, of X/2, a resonant peak is 
obtained. All reflections in the resonant cavity add 
in phase and a relatively low throughput loss is 
achieved. 30 

By changing the cavity length, that is, the dis- 
tance between the mirrors, tuning capability is pro- 
vided. Only a small change in cavity length allows 
the peaks to be shifted to any frequency within the 
tuning range. If the cavity length is changed by one 35 
half of a wavelength, the peaks are shifted through 
one FSR. For example, the fiber Fabry-Perot inter- 
ferometer can be mounted on a bracket with piezo- 
electric crystals, which comprise a transducer sys- 
tem. A voltage is impressed on the transducer 40 
system that causes the cavity to be expanded or 
contracted. Hence, the filter not only provides 
peaks which are extremely sharp, but. also, the 
filter may be rendered tunable. 

45 

Brief Description of the Drawing 

FIG. 1 is a schematic view of an optical fiber 
filter of this invention; 

FIG. 2 is a schematic view of a simplified optical 
fiber filter of this invention; 50 
FIG. 3 is a schematic view of a tunable optical 
filter of this invention; 

FIG. 4 depicts a frequency plot which is 
achieved with the optical fiber filter of this inven- 
tion. 55 
FIG. 5 depicts initial steps of a method of mak- 
ing the optical fiber filter of FIG. 1; 
FIGS. 6 and 7 depict the subsequent steps in 



the method of making the optical fiber filter of 
FIG. 1; 

FIG. 8 is a schematic view of ^ prior art optical 
filter; 

FIG. 9 is a graph which shows bandwidth as a 
function of finesse for various cavity lengths; 
FIG. 10 depicts an enlarged view of a mirror 
arrangement of the preferred embodiment; and 
FIGS. 11 and 12 depict alternate mirror arrange- 
ments for the filters of this invention. 
Detailed Description 

Referring now to FIG. 1. there is shown an 
optical filter of this invention which is designated 
generally by the numeral 20. The filter 20 com- 
prises two ferrule assemblies each of which is 
designated generally by the numeral 22. 

Each ferrule assembly 22 includes a cylin- 
drical^ shaped ferrule 24 which has a passageway 
26 extending along a longitudinal axis 28 thereof. In 
a preferred embodiment, the ferrule 24 is made of 
Pyrex® glass and is about 1 to 2 cm in length. An 
optical fiber 29 is disposed in the passageway 26 
of the ferrule assembly. The optical fiber 29 ex- 
tends beyond an end of the ferrule 24 to facilitate 
connection to other devices or fiber. 

Each ferrule assembly 22 also includes a wafer 
30 which is attached by an adhesive material 31 to 
one end of the ferrule 24. The wafer 30 also 
includes a passageway 32 which is aligned with the 
passageway 26 of the associated ferrule 24. Dis- 
posed in the passageway 32 of the wafer 30 is a 
length of optical fiber 34. Interposed between an 
outer surface of the wafer 30 and the ferrule 24 of 
each ferrule assembly 22 is a mirror 40. 

The mirror 40 is comprised of alternating ma- 
terial layers at least one of which is a dielectric 
material. The mirror may comprise alternating lay- 
ers of two different dielectric materials such as. for 
example, titanium dioxide and silicon dioxide. Or, 
the mirror may comprise alternating layers of a 
metallic material and/or a dielectric material. In a 
preferred embodiment, the mirror is comprised of 
alternating layers of silicon and silicon dioxide. 

As "can be seen in FIG. 1, the two ferrule 
assemblies are mounted in a support 36 to cause 
the passageways of the ferrule assemblies to be 
aligned. Each ferrule assembly 24 extends through 
a close fitting opening 37. In order to facilitate entry 
of a ferrule assembly into an opening 37, an end 
portion of the ferrule assembly 22 is beveled. 

Further, the ferrule assemblies 22-22 are sup- 
ported to cause exposed end faces 38-38 of the 
wafers 30-30 to be spaced a predetermined dis- 
tance apart. In another embodiment which is shown 
in FIG. 2, !an ultraviolet light curable adhesive ma- 
terial 41 is caused to be disposed between end 
faces of the wafers 30-30. the distance between the 
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end laces ol the wafers adjusted and the adhesive 
material cured. The result is a fixed frequency 
filter. 

Because the ferrule assemblies 22-22 in the 
above-described embodiments are fixed in position 
spaced a predetermined distance apart, the filter 
functions to pass only desired frequencies. In other 
words, the filter is pretuned. 

In FIG. 3 is shown the optical filter of FIG. 1 
but with a different support arrangement. The fer- 
rule assemblies 22-22 are mounted in a support 42 
to allow the ferrule assemblies to be movable with 
respect to each other in a direction along the 
aligned longitudinal axes. The movement may be 
accomplished by use of a piezolectric transducer 
system 44 which may be operated to control the 
spacing between the exposed end faces of the 
wafers 30-30. 

The optical filter of this invention may be used 
when it is desired to select a narrow band of 
wavelengths (see FIG. 4) such as, for example, for 
a frequency discriminator in a frequency shift key- 
ing (FSK) system. In order to use a Fabry-Perot 
interferometer in an FSK system, it is desired to 
have a bandwidth of approximately 10 GH Z and a 
tuning range of greater than 500 GH 2 . Currently in 
use is amplitude shift keying in which a laser (not 
shown) is turned on to send a 1 and nearly off to 
send a 0. The problem with amplitude shift keying 
is that when current changes dramatically, the laser 
changes frequency, which is referred to as chirp. 
This is undesirable because dispersion in fiber is 
wavelength dependent, which unduly limits the sys- 
tem. Although non-chirp frequency lasers which will 
not change frequency at drive surges may be 
used, they are expensive. 

For frequency shift keying, chirping is desired. 
The drive current is reduced, so that for a 0 signal, 
95%, for example, is sent to the laser and for a 1, 
100% is sent. It is desired to have a wavelength 
change, a chirp. The light output does not change 
significantly; however, the frequency still changes a 
small amount. Therefore, a zero is sent at one 
frequency and a one at another slightly different 
frequency. One frequency domain spectrum is ob- 
tained for a zero and another for a one separated 
by as little as a few gigahertz. With a fiber Fabry- 
Perot interferometer centered over the ones, for 
example, zeros are not passed through, but ones 
are because they occur at wavelengths where the 
fiber Fabry-Perot interferometer has maximum 
transmission. By filtering out the zeros with the 
fiber Fabry-Perot interferometer, the system can be 
used with receivers as before and large changes in 
the drive current to the laser can be reduced. The 
frequency discriminator effectively discriminates 
against zeros. As a result, the system can run 
faster with an increased bit rate with less expensive 



lasers and less expensive electronic drive circuitry. 

A similar application of the optical filter of this 
invention is in an AM system where the laser is 
operated in an FM mode as previously described 
5 and the filter is placed at the transmitter end with 
appropriate isolators between. The filter now re- 
moves, for example, the frequency of the zeros so 
that only frequencies corresponding to ones re- 
main. This external modulator application would 
io reduce dispersion problems because only a narrow 
band of frequencies is present. 

Further utility is shown when there are a plural- 
ity of channels at different wavelengths. A splitter is 
introduced and each fiber Fabry-Perot filter is 
;5 tuned to one wavelength which is different from the 
others. The result is a relatively inexpensive wave 
division multiplexer. If all the wavelengths are intro- 
* duced into a single fiber Fabry-Perot filter, it is 
possible to extract any one wavelength. In effect, 
20 the arrangement functions as an optical tuner al- 
lowing the selection of any channel. 

The filter passes a band of wavelengths de- 
pending on the bandwidth of the filter. If four more 
such channels were spaced within the free spectral 
25 range of the Fabry-Perot. the filter could be tuned 
to pass a desired channel to its output and reflect 
those channels which are not passed, if the pass- 
band of the Fabry-Perot is made sufficiently nar- 
row, the filter also could discriminate between ze- 
30 ros and ones in an FSK system. 

In the manufacture of a fiber Fabry-Perot inter- 
ferometer of this invention, an end portion of optical 
fiber is 29 inserted into the passageway 26 within a 
first cylindrically shaped ferrule 24 or capillary tube 
35 as it is often called (see FIG. 5) and an end portion 
of optical fiber 34 into a passageway within a 
second ferrule 24'. Then, an end face of each 
ferrule is ground and polished 

Subsequently, a portion of the end surface of 
40 the second one of the ferrules, the ferrule 24*. is 
provided with a mirror 40 (see again FIG. 5). The 
mirror is such that it has a relatively high reflectiv- 
ity, i.e. on the order of 95 to 99%. Preferably, it is a 
multilayer mirror with alternating layers of silicon 
45 and siliCQn dioxide used to form the mirror. Prefer- 
ably, the number of layers is small to minimize 
diffraction. The mirror is important because the 
quality of this device is directly related to the 
quality of the mirror. Also, it should be observed 
so from FIG. 5 that the mirror 40 covers only a portion 
of the end surface of the ferrule 24\ 

After the end surface of the second one of the 
two ferrules is provided with a mirror, the two 
ferrules are positioned to align the optical fibers 
55 within the passageways. Once aligned, the ferrule 
end surfaces are bonded together with the adhe- 
sive material 31 such that the end surface of one is 
bonded to the end surface of the other (see FIG. 
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6). Preferably, an ultraviolet light curable epoxy 
adhesive is used. Because a mirror is formed over 
only a part of the end surface of the ferrule 24\ 
there is sufficient area over which to bond the one 
ferrule 24 to the other, mirrored ferrule 24\ Then 
the assembly of two ferrules, one mirrored, is sev- 
ered by cutting along a line 45 through the mir- 
rored ferrule 24' along a plane which is normal to 
the longitudinal centerline axis 28 of the ferrule and 
at a relatively short distance from the mirror to 
provide a portion which has been referred to 
hereinbefore as a wafer and which has the new end 
surface 38 (see FIG. 7 and also FIG. 1). Afterwards, 
an end portion of the watered end of the ferrule 
assembly is beveled. 

The foregoing operations are repeated with an- 
other two ferrules, each having an optical fiber 
disposed in a passageway of each. 

Afterwards, the two ferrule assemblies 22-22 
are mounted in the support 36 such that the two 
newly formed end surfaces 38-38 are disposed 
adjacent to each other. The distance between the 
newly formed end surfaces 38-38 can be anywhere 
from about zero to about a few microns. The dis- 
tance between each mirror and its associated end 
face can be as small as about 10 microns. Pro- 
vided by the just-described structure is a fixed 
wavelength optical filter. 

As will be recalled, the optical filter of this 
invention also may be tunable. For the tunable 
embodiment of FIG. 3. interconnecting two ends of 
the supports on each side of the two aligned por- 
tions is the piezoelectric transducer system 44. 
The piezoelectric transducer system provides the 
fiber Fabry-Perot interferometer with the capability 
of being tuned. By impressing a voltage on the 
transducer system, the width of the gap between 
the newly formed end faces 38-38 of the wafers 
30-30 can be changed. The higher the voltage 
which is impressed across the transducer system, 
the wider the gap between the two adjacent newly 
formed end surfaces. 

The arrangement of this invention differs from 
a Type 3 fiber Fabry-Perot interferometer 60 (see 
FIG. 8) disclosed in the above-identified article by 
Stone and Stulz. This invention makes the Type 3 
fiber Fabry-Perot interferometer discussed in the 
hereinbefore identified Stone-Stulz article more 
manufacturable. Referring to the graph shown in 
FIG. 9, it can be seen that as the cavity length 
increases beyond 10 mm, it is necessary to use a 
Type 1 fiber Fabry-Perot interferometer whereas up 
lo 10 ^m, a Type 2 can be used. Bandwidth is 
plotted against finesse, and at 10 GH 2 , a Type 3 
Fabry-Perot interferometer is required. Types 1, 2 
and 3 fiber Fabry-Perot interferometers were dis- 
cussed hereinbefore under Background of the In- 
vention. The prior art Type 3 design (see again 



FIG. 8) includes three components, an external 
waveguide 62. an internal waveguide 63 and a 
lixed waveguide 64, with a sleeve 66 for aligning 
the three components. The internal segment is 

5 fixed in position with respect to the fixed 
waveguide 64 using the sleeve 66 for alignment. 
The external waveguide ferrule 62 is movable with 
respect to the internal waveguide 63. Internal seg- 
ments shorter than about a millimeter were imprac- 

70 tical to handle separately. In the interferometer of 
the present invention, mirrored ferrules are aligned 
and bonded to unmirrored ferrules and subsequent- 
ly cut, ground and polished to produce a wafered 
ferrule. Alignment is accomplished with XYZ posi- 

15 tioners (not shown) which can achieve extremely 
accurate alignment and wafer thicknesses of only a 
few microns can be achieved as compared to a 
millimeter or so in the prior art. 

The fiber Fabry-Perot interferometer of this in- 

20 vention has other advantages over those of the 
prior art. In the interferometer of this invention, 
there exists a dual wafer construction with both 
mirrors embedded in glass. This has been accom- 
plished by causing a wafer to be bonded to a 

25 ferrule and by causing each mirror of the inter- 
ferometer to be embedded at the interface between 
the wafer and the ferrule. Further, unlike the prior 
art. each mirror in the filter of this invention covers 
only a portion of the transverse cross sectional 

30 area of the interface between the wafer and the 
ferrule. In this way, the remainder of the cross- 
sectional area is used to facilitate bonding between 
the wafer and the ferrule. Further, by embedding 
the mirror, the mirror is protected against inadver- 

35 lent damage. In the prior art design, the mirrors 
were exposed and subject to damage. 

An antireflective coating may be disposed on 
each of the newly formed end faces 38-38 of the 
wafers 30-30. The antireflective coating prevents 

ao reflections from occurring and therefore prevents 
alteration of the finesse of a given mirror. 

Although the preferred and other embodiments 
described hereinbefore have shown the mirror 40 
formed on an end of a ferrule as being planar (see 

45 FIG. 10)' and normal at every point thereon to a 
longitudinal axis of the ferrule, other structure is 
within the scope of this invention. For example, as 
is seen in FIGS. 11 and 12, mirrors 70 and 80 may 
be formed on ends of ferrules with center portions 

so thereof being formed convexly outward or con- 
cavely inward, respectively. 

It is to be understood that the above-described 
arrangements are simply illustrative of the inven- 
tion. Other arrangements may be devised by those 

55 skilled in the art which will embody the principles 
of the invention and fall within the spirit and scope 
thereof. 



Claims 

1. An optical filter which is capable of having a 
desired bandwidth, said filter being character- 
ized by 

a first ferrule assembly having aligned pas- 
sageway portions for receiving an optical fiber, 
the passageway portions being spaced apart 
by a mirror which is transverse to a longitudi- 
nal axis of the passageway portions and which 
is substantially closer to one end of said first 
ferrule assembly than to an opposite end 
thereof; 

a second ferrule assembly having aligned pas- 
sageway portions for receiving an optical fiber, 
the passageway portions in said second ferrule 
assembly being spaced apart by a mirror 
which is transverse to a longitudinal axis of 
said passageway portions in said second fer- 
rule assembly, and which is substantially clos- 
er to one end of said second ferrule assembly 
than to an opposite end thereof; 
optical fiber positioned in each passageway 
portion of each ferrule assembly; and 
means for holding said first and second ferrule 
assemblies with the axes of the passageways 
aligned and with said one end of said first 
ferrule assembly being adjacent to said one 
end of said second ferrule assembly and for 
causing adjacent one ends of the ferrule as- 
semblies to have a predetermined axial spac- 
ing. 

2. The optical filter of claim 1, wherein each said 
ferrule assembly includes a wafer having a 
mirror deposited on one end surface thereof 
and covering only a portion of the area of the 
end surface and a ferrule which is bonded to 
said wafer to cause said mirror to be embed- 
ded between said wafer and said ferrule, the 
portion of the end surface of each wafer over 
which said mirror is formed including that por- 
tion of the end surface to which said passage- 
way opens. 

3. The optical filter of claim 2, wherein each layer 
of each mirror has a thickness equal to one 
quarter of a wavelength. 

4. A tunable optical filter which includes the op- 
tical filter of claim 1. wherein a gap between 
adjacent one ends of said first and second 
ferrule assemblies is adjustable, said tunable 
optical filter also including means for adjusting 
the gap between end faces of said first and 
second ferrule assemblies. 

5. The tunable optical filter of claim 4, wherein 



each said ferrule assembly includes a wafer 
having a mirror deposited on one end surface 
thereof and covering only a portion of the area 
of the end surface and a ferrule which is bon- 

5 ded to said wafer to cause said mirror to be 

embedded between said wafer and said fer- 
rule, the portion of the end surface of each 
wafer over which said mirror is formed includ- 
ing that portion of the end surface to which 

w said passageway opens. 

6. The tunable optical filter of claim 5. wherein 
the finesse may be 100 or greater with an 
insertion loss not exceeding 3 dB. 

75 

7. A method of making an optical filter, said 
method comprising the steps of providing two 

♦ ferrule assemblies each of which is provided 
by a method comprising the steps of providing 
20 a pair of ferrules each of which includes a 

longitudinal extending passageway and a lon- 
gitudinal axis, causing an optical fiber to be 
disposed in the passageway of each ferrule, 
said method of providing each ferrule assem- 
25 bly being characterized by the steps of 

causing a mirror to be formed on an end 
surface of one ferrule of [each] the pair such 
that the mirror covers the passageway which 
opens to the end surface; 
30 positioning the other ferrule of the pair with the 

one ferrule of the pair to cause the passage- 
ways to be aligned and to cause an end sur- 
face of the other ferrule to abut the mirrored 
end surface of the one ferrule; 
35 causing the other ferrule to become attached 

to the one ferrule of the pair in the aligned 
position to provide a ferrule assembly; and 
severing the one ferrule of the pair in a plane 
normal to the longitudinal axes of the ferrules 
4 0 at a distance from the mirror which is small 

relative to the length of the ferrule at a dis- 
tance from the mirror which is small relative to 
the length of the ferrule to provide a wafer 
having a newly formed end surface; and 
45 positioning the two ferrule assemblies to align 

the passageways and to cause the spacing 
between the newly formed end surfaces of the 
wafers to be a predetermined value. 

so 8. The method of claim 7. wherein the step of 
causing a mirror to be formed is accomplished 
to cause the mirror to cover only a portion of 
the transverse cross sectional area of each 
said one ferrule. 

55 

9. A method of making a tunable optical filter 
which comprises the steps set forth in claim 7 
and which comprises the further step of 



7 



mounting said ferrule assemblies for relative 
movement therebetween along the longitudinal 
axes and providing means (or causing relative 
movement between said ferrule assemblies to 
cause the spacing between the newly formed 5 
end surfaces of the wafers to be a predeter- 
mined value. 

10. An optical assembly adapted to be used in an 
optical filter which is capable of having a de- jo 
sired bandwidth, said assembly comprising: 

a ferrule assembly having aligned passageway 
portions for receiving an optical fiber, the pas- 
sageway portions being spaced apart by a 
mirror which is transverse to a longitudinal axis /5 
of the passageway portions and which is sub- 
stantially closer to one end of said ferrule 
assembly than to an opposite end thereof; and * 
optical fiber positioned in each passageway 
portion of said ferrule assembly. 20 

11. The optical filter of claim 10. wherein said 
ferrule assembly includes a wafer having a 
mirror deposited on one end surface thereof 

and covering only a portion of the area of the 25 
end surface and a ferrule which is bonded to 
said wafer to cause said mirror to be embed- 
ded between said wafer and said ferrule, the 
portion of the end surface of each wafer over 
which said mirror is formed including that por- 30 
tion of the end surface to which said passage- 
way opens. 
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ncnt Only real excitations are consioerea, since u> 
CC \ ,ded for use as a standard. 1 

n.«i/fs: Application of the above approach allows a number 
^observations to be made: 

, The maximum difference directivity is dependent on the 
" cr clement spacing d/X and the number of elements 2N. This 
^illustrated by example in Fig. 2. 

• For spacings d/X < 0-5, alternate elements have excitations 
' noosite sign, and a concomitant high Q-factor (for 
M nle 0 - 517 for a 20-element array with d/X = 0-4, while 
? only 1-0 for d/X = 0-5 and 1 3910 for d/X = 0-7). 



; 35 




Fig. 3 Excitation distribution providing maximum difference directivity 
vr 2S = 40 and d = 0-5X 

Discrete excitations joined by straight-line segments 

, For d = 0-5A the distribution of excitations has the same 
m as that for the continuous line-source case, except that 
• edge taper is a function of the number of elements. An 
' .ample is shown in Fig. 3, where the discrete excitations have 
; im jy been connected by straight-line segments. Only half of 
ihe distribution need be shown because of the antisymmetry 
property. The variation of the edge taper with 2N is shown in 
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element index s) 
Fig. 5 Excitation distribution providing maximum difference directivity 
for 2N m 40 andd = 01 X 
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line-source case (0-78) with increasing N. 

(d) For all cases with d/X £ 0-5, the excitation efficiency ry* of 
the maximum directivity distribution, measured relative to 
that of a uniformly excited sum array of the same number of 
elements, is always such that rj* < 65% (note that ^ * n, 
defined earlier). 

(e) For d/X > 0-5 the excitations are not of alternating sign or 
high Q-factor. However, the distribution differs from that of 
the continuous case; that shown in Fig. 5 is typical. 

D. A. McNAMARA 9th J ™ 1987 

Department Electronic & Computer Engineering 
University of Pretoria 
Pretoria 0002, South Africa 
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PIGTAILED HIGH-FINESSE TUNABLE FIBRE 
FABRY-PEROT INTERFEROMETERS WITH 
LARGE, MEDIUM AND SMALL FREE 
SPECTRAL RANGES 

Indexing terms: Optics, Interferometers, Optical fibres, Optic 

filters __- 

We have made prototypes of three kinds of fibre Fabr 
Perot (FFP) tunable filters, each of which can cover 
separate free spectral range interval as determined by its n 
onator length. Free spectral ranges from hundreds of anj 
troms to tens of megahertz can be realised from t 
appropriate type. We have built FFPs with free spect 
ranges of > 1000 A, 25GHz, 5CHz and 2 5GHz~ Finesse 
to 200 has been demonstrated. The devices t 
piezoelectrically tuned and are coupled to fibres in-line usi 
standard rotary splices or ST connectors. 

Introduction: A simple fibre-compatible tunable optical fil 
with a bandwidth between about 100 MHz and several git 
hertz with low crosstalk would be an important component 
many wavelength multiplexing applications^ Another use 
type of filter would be one with a wide bandwidth of seve 
angstroms which is tunable over many angstroms. The m 
promising approach to making such dev ^i 3 a P^ 0 ^ r C e , 
fibre Fabry-Perot (FFP) interferometer 1 It has aire, 
been demonstrated that such devices can be made with fine 
ud to 500 with low insertion loss 4 using separately attacl 
mirrors. In this letter we demonstrate that FFP devices * 
any required bandwidths can be fabricated from one of tn 
types of structure. A connectorised device similar in funct 
to one of these types, with a finesse of 74, free spectral rang. 
31 GHz, bandwidth of 42 MHz and insertion loss of I f 
has already been reported. 5 

Sources of loss in fibre Fabr^Perot devices: We assume »• 
less mirrors, R + T « 1, where R is the mirror reflection c 
ficient and T is the mirror transmission coefficient, 
sources of loss in a fibre Fabry-Perot resonator have I 
identified as follows: 6 mirror displacement ™ T ** 1 ™- 
U = (D/rikw 2 ) 2 \ angular misalignment loss — (Kno 
lateral offset loss L, = (s/w) 2 ; loss due to curvature of 



of refraction of the fibre core and the gap, respectively, k is the 
propagation constant in air, w is the beam-waist radius (\/e 2 
vaiue), b is the fibre-core radius (step-index fibre), D is the fibre 
separation, s is the fibre-core axis offset and d 0 is the depth of 
the fibre dimple (or bump) in the core region. The total loss is 
given by 6 L = L D + L 9 + L, + L do , 

Types of fibre Fabry^Perots: To make fibre Fabry-Perot 
devices for small, large and intermediate free spectral ranges, 
different types of structures are required. Type 1 (Fig. 1) is a 
fibre resonator. The mirrors are deposited on to the fibre ends, 
and the tuning is achieved by changing the optical length of 
the fibre. Practical considerations limit this type to a length 
greater than 1-2 cm (10-5 GHz free spectral range). 



6 c^ ^.^.u. jc mcex-matcneQ or tnat an a- 

reflection coating be applied to the nonmiiTored end of I 
internal waveguide, otherwise significant loss and unst 
operation results. 
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Fig. 3 Type 3 fibre Fabry-Perot interferometer 

Left-hand-side gap between ferrule and internal waveguide 
is filled with index-matching liquid 
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Fig. 1 Type I fibre Fabry-Perot interferometer 

Type 2 is a gap resonator (Fig. 2) with mirrors deposited on 
to the fibre endfaces. The diffraction loss between the fibres 
limits the resonator gap to < 100 /mi (FSR > 1000GHz, or 

75 A). 
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split or solid 
|49$/21 zirconia sleeve 

Fig. 2 Type 2 fibre Fabry-Perot interferometer 

Zirconia sleeve is tight fit to ferrules to provide alignment 

Type 3 (Fig. 3) is an internal-waveguide resonator. Mirrors 
are applied to one external fibre end and one end of the 
internal waveguide; scanning is done by changing the spacing 
of the small gap between the mirror fibre and the interal 
waveguide. The FSR is determined by the length of the inter- 
nal waveguide, which can be made in lengths as short as 1 mm 
or less (FSR < 100 GHz). In this design it is necessary that the 

* marcuse, D.: Private communication 
Table 1 EXPERIMENTAL RESULTS FOR SEVERAL FIBRE FABRY-PEROT ETALONS 

Filter bandwidth 
(full width at half-maximu m) 

MHz 

25 
30 
87 

>75 GHz en 5-5 A, 
airgap, wavelength = 1-5 Aim 

143 
300 



Fabricated devices: For all three types of device, the fibre ends'"' 
are encapsulated in standard glass or ceramic ST ferrules'" 
made to tolerances of - 1-2 Aim for inner diameters and con- tV 
centncity; the ends are then polished and coated with multi-' 
layer dielectric mirrors. The ferrules are held in alignment 
with either a split zirconia sleeve or a solid zirconia sleeve. 
This assembly is then placed in a cylindrical PZT piezoelectric 
shell of 0-25 in (6-35 mm) outside diameter, and the ends of the 
shell are epoxied to the ferrules. Fibre connection, where 
needed, is done by using standard ST or rotary splice connec- * 
tors to the outer end-ferrules. The results are summarised in" 
Table 1. >>.\u 

Summary and conclusions: We have described the construction' 
of three types of fibre Fabry-Perot etalon that can be used to 1 
obtain free spectral ranges from hundreds of angstroms to" 
tens of megahertz (or less). Finesse values up to 200 have been 
realised and, for lower finesse values, insertion loss as low as ' 
l-5dB is observed. The devices are made using readily avail- 
able fibre interconnect components such as rotary and ST 
ferrules, and sleeves in both ceramic and glass. They can be 
directly connected in-line with standard fibre connectors. 1 
Tuning is accomplished using standard PZT piezoelectric 
components. The use of tandem filters is probably necessary 
to reduce the excessive crosstalk that is characteristic of 
Fabry-Perot filters. However, if this is done the filters (or the 
reflections) must be optically decoupled, either by the use of 
isolators or interfilter separation by distances greater than the 
coherence length of the light passing through one of the filters. 
Otherwise, multiple cavity effects among the filters will affect 
the overall transfer function of the combination. 
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Length/free spectral range 
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Insertion 
loss 




cm/GHz 




dB 


Type 1 


3-75/2-67 


110 


3-5 




1-90/5-26 
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Type 3 
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r TICAL SAMPLING OF GHz CHARGE 
n NSITY MODULATION IN SILICON 
BIPOLAR JUNCTION TRANSISTORS 

Indexing terms: Measurement, Bipolar devices. Electro-optics, 
Optical measurement 

We report the use of optical sampling employing a gain- 
switched 1-3 jim semiconductor laser to observe charge 
density modulation in a 1-5 /an x 5 pro emitter silicon BJT. 
The overall system bandwidth is 8 GHz. The device under 
test is switched at frequencies from 100 MHz to 2-5 GHz. 

Probing internal nodes of an integrated circuit by electrical 
means is invasive, time-consuming and in many cases impossi- 
ble Promising new techniques involving optical probing have 
been developed for high-speed 1C testing - Various forms of 
optical probes have been developed by Valdmams et al 
Kolner « al., 1 Weingarten et al.,' Taylor et al.* and others for 
wring of high-speed circuits based on the electro-optic effect 
T -re has also been work reported by Heinnch et al s which 
, ically sensed charge density modulation in a bipolar junc- 
. , transistor (BJT) in real time with 100 MHz bandwidth 
We report the results of using a gain-switched 1-3 fim 
InGaAsP laser diode to sample charge density modulation m 
a high-speed silicon bipolar device. With our compact experi- 
mental set-up we were able to optically recover diarge : signals 
in a BJT switching at frequencies from 100 MHz to 2-5 GHz 
wi,h a system bandwidth of 8 GHz. The bandwidth is current- 
ly limited by the 42 ps FWHM optical pulse. 

The optical system (Fig. 1) used in this sampling probe is 
- nilar to the system used by Heinrich et al. s in their real-time 
v .rge-sensing probe. A Wollaston prism replaces the birelnn- 
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gent wedge to spat ue op..<**. ^ — ' . . - 

polarisation-sensing interferometer. The prism minimises the 
absolute path-length difference, allowing better fringe contrast 
for a less coherent source. Both beams pass through* the po -\ 
ished backside of the die, and reflect off the emitter metal- 
lisation and a nearby reference metallisation. The return 
optical beams are recombined by the prism into one circularly 
polarised beam. The charge density modulation in the BJT 
alters this circular polarisation by phase-shifting one leg of the 
interferometer. The polarisation is then analysed by two 
polarising beam-splitters and a Faraday rotator, creating two 
180°-out-of-phase, amplitude-modulated signals in the two 
photodetectors. The detectors with individual preamplifiers 
are connected to a differential amplifier. This differential 
arrangement provides substantial common mode noise rejec- 
tion (about 40 dB). The polarising beam-splitters and Faraday 
rotator combination also serve as the optical isolator for the 
laser The optical pulse width, measured with a 20 GHz sam- 
pling system utilising a 20 GHz photodetector, 6 is 42 pS 
FWHM (Fig. 2). The laser is switched with a step-recovery 
diode and is biased so that no significant tail appears on the 
optical pulse. The optical source is a 1-3 pm InGaAsP lasei 
diode, gain-switched at a 100 MHz rate. 
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Fig. 2 42 ps FWHM optical pulse measured using a 20 G I 
HP54120T sampling oscilloscope 

The sampling system uses the frequency vernier techniqt 
This approach requires the laser pulse timing generator at 
the generator driving the device under test (DUT) to have tl 
same time base. The signal applied to the DUT is set to 
harmonic of the laser timing generator frequency plus a sm 
offset frequency, which allows the laser pulse train to scan t 
electrical signal stroboscopically. To reduce 1// noise, synchr 
nous detection is employed using a 20 kHz oscillator to ch 
the signal to the DUT. The output from the detectors is tn 
mixed down using lock-in techniques. The mixed-down wa- 
form is displayed on an analogue oscilloscope in a 
bandwidth at a repetition rate equal to the offset frequency, 
our experiment this repetition rate was 33 Hz This frequer 
was chosen to allow 10 harmonics to be displayed in 
350 Hz bandwidth with an acceptable level of display flirt 
A 33 Hz refresh rate is fast enough to make the signal disp 
appear 'real-time', greatly aiding alignment to the DU 1 , 

The device under test was a 1-5/im x 5 /im emitter silu 
BJT with an /, of 5GHz. The transistor ,s biased at 2, 
average collector current. A sine wave is applied to • the bail 
the transistor at frequencies from 100 MHz to MGHz O 
3) The 1-5 jim dimension of the DUT is only slightly lai 
than the 1 FWHM spot size of our optical system, : 
results in some optical power loss. The signals were recovc 
with a 40 dB signal/noise ratio for a peak collector curren 
about 10 mA. The system is shot-noise-limited, although 
amplifier noise floor is only about 2dB below the shot n 
of the InGaAsP photodiodes. An increase in optical pc 
could improve this overall signal/noise ratio. 

Disturbance of the DUT by the probe beam, in term 
average collector current, is quite small. The change in co 
tor current of this transistor due to the presence of the op 
pulses was measured at less than 100 nA. This represer 
perturbation due to the laser of less than 0 01%. When 
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